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Investigations of the existence of pentaquark states containing a single b (anti)quark decaying weakly
into four specific final states J/ψKþπ−p, J/ψK−π−p, J/ψK−πþp, and J/ψϕð1020Þp are reported. The data
sample corresponds to an integrated luminosity of 3.0 fb−1 in 7 and 8 TeV pp collisions acquired with the
LHCb detector. Signals are not observed and upper limits are set on the product of the production cross
section times branching fraction with respect to that of the Λ0b.
DOI: 10.1103/PhysRevD.97.032010
I. INTRODUCTION
The observation of charmonium pentaquark states with
quark content cc¯uud, by the LHCb [1] Collaboration in
Λ0b → J/ψK−p decays, raises many questions including:
What is the internal structure of these pentaquarks? Do
other pentaquark states exist? Are they molecular or tightly
bound? In this analysis, we search for pentaquarks that
contain a single b (anti)quark, that decay via the weak
interaction. The Skyrme model [2] has been used to predict
that the heavier the constituent quarks, the more tightly
bound the pentaquark state [3–6]. This motivates our search
for pentaquarks containing a b (anti)quark. No existing
searches for weakly decaying pentaquarks containing a b
(anti)quark have been published.
Consider the possible pentaquark states b¯duud, bu¯udd,
bd¯uud and b¯suud. We label these states as Pþ
B0p
, P−Λ0bπ−
,
PþΛ0bπþ
and Pþ
B0sp
, respectively, where the subscript indicates
the final states the pentaquark would predominantly decay
into if it had sufficient mass to decay strongly into those
states. While there are many possible decay modes of these
states, we focus on modes containing a J/ψ meson in the
final state because these candidates generally have rela-
tively large efficiencies and reduced backgrounds in the
LHCb experiment. The Feynman diagrams for the decay
of the Pþ
B0p
and Pþ
B0sp
states are shown in Fig. 1. The
corresponding diagrams for the decay of P−Λ0bπ−
and PþΛ0bπþ
are similar to that shown in Fig. 1(a), with the decay of the
state being driven by the b→ cc¯s transition. We
reconstruct the ϕð1020Þ meson1 in the KþK− decay mode.
We note that the Pþ
B0p
pentaquark might have some decays
inhibited by Bose statistics if its structure is based on two
identical ud diquarks, i.e. b¯ðudÞðudÞ. Although the Pþ
B0sp
state is expected to be produced at a smaller rate on the
grounds that B0s production in the LHCb experiment
acceptance is only about 13% of the rate of the sum of
Bþ and B0 production [7], it would not have two identical
diquarks, and hence none of its decays would suffer from
spin-statistics suppression.
Table I lists all of the pentaquarks we search for along
with their respective weak decay modes.2 It is possible for
these pentaquarks (PB) to decay either strongly or weakly
depending on their masses. The threshold mass for strong
decay for PþB0p would be mðB0Þ þmðpÞ, for P−Λ0bπ−
mðΛ0bÞ þmðπ−Þ, for PþΛ0bπþ mðΛ
0
bÞ þmðπþÞ and for PþB0sp
mðB0sÞ þmðpÞ. Therefore, we define our signal search
windows to be below these thresholds. Note that a fifth
state, the bs¯uud pentaquark (Pþ
B¯0sp
) could also decay into
J/ψϕp, and thus is implicitly included in our searches.
Should a signal be detected for mode IV, we would need to
examine noncharmonium modes to distinguish between the
possibilities.
II. DETECTOR DESCRIPTION
AND DATA SAMPLES
The LHCb detector [8,9] is a single-arm forward
spectrometer covering the pseudorapidity range 2<η<5,
designed for the study of particles containing b or c quarks.
The detector includes a high-precision tracking system
consisting of a silicon-strip vertex detector surrounding the
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pp interaction region, a large-area silicon-strip detector
located upstream of a dipole magnet with a bending power
of about 4 Tm, and three stations of silicon-strip detectors
and straw drift tubes placed downstream of the magnet. The
tracking system provides a measurement of momentum, p,
of charged particles with a relative uncertainty that varies
from 0.5% at low momentum to 1.0% at 200 GeV. The
minimum distance of a track to a primary pp interaction
vertex (PV), the impact parameter (IP), is measured with a
resolution of ð15þ 29/pTÞ μm, where pT is the component
of the momentum transverse to the beam, in GeV. Different
types of charged hadrons are distinguished using informa-
tion from two ring-imaging Cherenkov detectors (RICH).
Photons, electrons and hadrons are identified by a calo-
rimeter system consisting of scintillating-pad and pre-
shower detectors, an electromagnetic calorimeter and a
hadronic calorimeter. Muons are identified by a system
composed of alternating layers of iron and multiwire
proportional chambers.
The online event selection is performed by a trigger,
which consists of a hardware stage, based on information
from the calorimeter and muon systems, followed by a
software stage, which applies a full event reconstruction.
The subsequent software trigger is composed of two stages,
the first of which performs a partial reconstruction and
requires either a pair of well-reconstructed, oppositely
charged muons having an invariant mass above 2.7 GeV,
or a single well-reconstructed muon with high pT and large
IP. The second stage of the software trigger applies a full
event reconstruction and, for this analysis, requires two
opposite-sign muons to form a good-quality vertex that is
well separated from all of the PVs, and to have an invariant
mass within 120 MeV of the known J/ψ mass [10].
The data sample corresponds to 1.0 fb−1 of integrated
luminosity collected with the LHCb detector in 7 TeV pp
collisions and 2.0 fb−1 in 8 TeV collisions.
Simulated events are generated in the LHCb acceptance
using PYTHIA [11], with a special LHCb parameter tune
[12]. Pentaquark candidate (PB) decays are generated
uniformly in phase space. Decays of other hadronic
particles are described by EVTGEN [13], in which final-
state radiation is generated using PHOTOS [14]. The
interaction of the generated particles with the detector,
and its response, are implemented using the GEANT4 toolkit
[15] as described in Ref. [16]. The lifetime of the simulated
pentaquarks is set to 1.5 ps, consistent with that of most
weakly decaying b hadrons [10].
III. EVENT SELECTION AND B-HADRON
RECONSTRUCTION
A pentaquark candidate is reconstructed by combining a
J/ψ → μþμ− candidate with a proton, kaon, and pion (or
kaon for mode IV). Our analysis strategy consists of a
preselection based on loose particle identification (PID)
and the kinematics of the decay, followed by a more
sophisticated multivariate selection (MVA) classifier based
on a boosted decision tree (BDT) [17], which uses multiple
input variables, accounts for the correlations and outputs a
single discriminant. In order to avoid bias, the data in the
signal search regions were not examined (blinded) until all
the selection requirements were decided.
In the preselection, the J/ψ candidates are formed from
two oppositely charged particles with pT greater than
500 MeV, identified as muons and consistent with origi-
nating from a common vertex but inconsistent with
originating from any PV. The invariant mass of the
μþμ− pair is required to be within ½−48;þ43 MeV of
the known J/ψ mass [10], corresponding to a window of
about 3 times the mass resolution. The asymmetry in the
mass window is due to the radiative tail. Pion, kaon, and
proton candidates are required to be positively identified in
the RICH detector, but with loose requirements as the MVA
includes particle identification criteria. Kaon and proton
candidates are required to have momenta greater than 5 and
10 GeV, respectively, to avoid regions with suboptimal
particle identification. Each track must have an IP χ2
greater 9 than with respect to the closest PV, must have
pT greater than 250 MeV, and the scalar sum of the tracks
pT is required to be larger than 900 MeV. All of the tracks
forming the pentaquark state are required to form a good
vertex and have a significant detachment from the PV. We
also require that the cosine of the angle between the vector
from the PV to the PB candidate vertex (V⃗PV−PB) and the
PB candidate momentum vector (p⃗PB ) be greater than
0.999. The invariant mass of the pentaquark states is
calculated by constraining the invariant mass of the dimuon
pair to the known J/ψ mass, the muon tracks to originate
from the J/ψ vertex and the vector sum of the momenta of
the final state particles to point back to the PV.
(a) (b)
FIG. 1. Leading-order diagrams for pentaquark decay modes
into (a) J/ψKþπ−p or (b) J/ψϕp final states.
TABLE I. Quark content of the b-flavored pentaquarks and
their weak decay modes explored here. We consider only the
quark decay process b → cc¯s. The lower and upper bounds of the
mass region searched are also given. (In this paper we use natural
units where ℏ ¼ c ¼ 1.)
Mode Quark content Decay mode Search window
I b¯duud PþB0p → J/ψK
þπ−p 4668–6220 MeV
II bu¯udd P−Λ0bπ−
→ J/ψK−π−p 4668–5760 MeV
III bd¯uud PþΛ0bπþ
→ J/ψK−πþp 4668–5760 MeV
IV b¯suud PþB0sp → J/ψϕp 5055–6305 MeV
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We measure the product of the production cross section
and branching fraction of these pentaquark states and
normalize it to the analogous measurement [18] by the
LHCb Collaboration for the Λ0b baryon in the Λ0b →
J/ψK−p decay. To this end, we impose the same kinematic
requirements on the PB candidate as applied to the Λ0b
candidates in that analysis, namely pT < 20 GeV and
2.0 < y < 4.5, where y ¼ 1
2
lnðEþpzE−pzÞ is the rapidity, E the
energy and pz the component of the momentum along the
beam direction. After these preselections, the product of
trigger and reconstruction efficiencies is around 2% for all
the modes.
IV. SELECTION OPTIMIZATION BY A
MULTIVARIATE CLASSIFIER
The MVA classifier is trained using the simulated signal
samples described at the end of Sec. II and a background
sample of candidates in data with invariant masses within
0.5 GeVabove the strong-decay threshold in each final state
(see Fig. 2). We use 3 × 106 Pþ
B0p
→ ðJ/ψ → μþμ−ÞKþπ−p
simulated events for modes I, II and III, with the Pþ
B0p
mass
set to 5750 MeV, and 3 × 106 Pþ
B0sp
→ ðJ/ψ → μþμ−Þðϕ →
KþK−Þp simulated events for mode IV, with the Pþ
B0sp
mass
set to 5835 MeV. The dependence of the selection effi-
ciency as a function of mass is accounted for in Sec. V.
The training samples needed to model the backgrounds
in the signal regions must represent the actual backgrounds
as closely as possible. Contamination in the background
samples can occur from fully reconstructed weakly
decaying b-hadrons that are combined with random par-
ticles. In mode I, we find contributions from B0 →
J/ψKþπ− decays and B0s → J/ψKþK− decays where one
of the kaons is misidentified as a pion; then a random
additional proton results in contamination in the back-
ground sample. In modes II and III, along with the B0 and
B0s contaminations, a Λ0b → J/ψK−p decay can be paired
with a random pion. In mode IV, only the B0 and B0s
contaminations are seen. These mistaken identification
contributions in the background sample are found by
looking at the invariant mass distributions obtained by
switching one or more final-state particles to another mass
hypothesis. If this produces a peak in the mass distribution
at the mass of a known particle, we apply a veto in the
background training sample eliminating all candidates
within 12 MeV of the peaks, approximately 1.6σ. No
such peaks are seen in the signal region, after switching the
mass hypotheses, for any of the modes. As an example, we
show fully reconstructed decays in the background and
signal regions for mode I in Fig. 3.
The input variables used to train the classifier for modes
I, II, and III are the same. We use the difference in the
logarithm of the likelihood for two different particle
hypotheses (DLL). They are the DLLðμ − πÞ for the two
muons, DLLðK − πÞ and DLLðK − pÞ for the kaon,
DLLðp − πÞ and DLLðp − KÞ for the proton, and
DLLðπ − KÞ for the pion. Also used is the logarithm of
χ2IP, defined as the difference in χ
2 of a given PV
reconstructed with and without the considered K, π, and
p tracks, and the χ2 of the PB to be consistent with
originating from the PV. Other variables are the logarithm
of the cosine of the angle of p⃗PB with V⃗PV−PB , the flight
distance of PB, the scalar sum pT of the K, π and p tracks,
the χ2/ndof of the fit of all the decay tracks to the PB vertex,
and of the two muon tracks to the J/ψ vertex with
constraints that fix the dimuon invariant mass to the J/ψ
mass and force the PB candidate to point back to the PV,
where ndof indicates the number of degrees of freedom.
The input variables used to train the classifier for mode IV
are similar, but with two kaons instead of a kaon and a pion.
Two important attributes of multivariate classifiers are
signal efficiency and background rejection, both of which
we wish to maximize. Using the input variables and
training samples described earlier, we compared the per-
formances of some common classifiers, including boosted
decision trees (BDT), gradient boosted decision trees,
linear discriminants, and likelihood estimators [19]. We
base our MVA selection on the BDT algorithm. Once the
BDT classifier is trained, it is evaluated by applying it to a
separate testing sample (which is disjoint from the data
sample used to train the classifier). The classifier assigns a
response (called the BDT output) valued between–1 and 1
to the events, with background events tending toward low
values and signal events to high values. These can be seen
in Fig. 4(a) for mode I. The BDT outputs for other modes
look very similar.
Discrimination between signal candidates, S, and back-
ground, B, is accomplished by choosing a BDT value that
maximizes the metric S
a/2þ ffiffiBp , where a is the significance of
the signal sought, which has the advantage of being
independent of the signal cross section [20]. We choose
a to be 3 for all modes, based on the assumption that we are
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FIG. 2. Invariant mass distributions above the decay mass
thresholds for the indicated modes.
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in a situation of looking for a small signal in the midst of
larger backgrounds. The variation of the signal and back-
ground efficiencies and the metric’s value with the BDT
output is shown in Fig. 4(b) for mode I. This variation of
efficiencies and the metric with respect to the BDT value is
similar for the other modes. After optimization, the BDT
signal efficiency varies from 42.9% to 71.4% depending on
the decay mode.
One cause of concern is reflections where the particle
identification fails leading to the inclusion of other well-
known final states. These are eliminated with a small loss of
efficiency by removing candidate combinations within
12 MeV of the appropriate b-hadron mass. A list of
these reflections in the particular modes of interest is given
in Table II.
V. RESULTS
After the selections were decided upon, the analysis was
unblinded. A search is conducted by scanning the PB
invariant mass distributions in the four final states shown in
Fig. 5. The step size used in these scans is 4.0 MeV,
corresponding to about half the invariant mass resolution.
No signal is observed with the expected width of approx-
imately 7.5 MeV. The PB mass resolution seen in the
simulated samples is 6.0 MeV for modes I, II, III, and
5.2 MeV for mode IV which, as expected, is similar to the
7.5 MeV width seen in data for the Λ0b baryon in the
ðJ/ψ → μþμ−ÞK−p final state, when the two muons are
constrained to the J/ψ mass. In order to obtain conservative
results, we set upper limits based on the wider 7.5 MeV
signal width.
At each PB scan mass value mPB , the signal region is a
2σðmPBÞ window around mPB , while the background is
estimated by interpolating the yields in the sidebands
starting at 3σðmPBÞ from mPB and extending to 5σðmPBÞ,
both below and above mPB following Ref. [21]. The
statistical test at each mass is based on the profile likelihood
ratio of Poisson-process hypotheses with and without a
signal contribution, where the uncertainty on the back-
ground interpolation is modeled as purely Poisson (see
Ref. [21] for details). No significant excess of signal
candidates is observed over the expected background.
The upper limits are set on the signal yields using the
profile likelihood technique, in which systematic uncer-
tainties are handled by including additional Gaussian terms
in the likelihood.
In the absence of a significant signal, we set upper limits
in each PB candidate mass interval on the ratio
 [MeV])-π+ Kψ(J/m
5000 5200 5400 5600 5800 6000
Ca
nd
id
at
es
/(1
0 M
eV
)
2000
4000
6000
8000
LHCb
 [MeV])-π+ Kψ(J/m
5000 5200 5400 5600 5800 6000
Ca
nd
id
at
es
/(1
0 M
eV
)
200
400
600
800
1000
1200
LHCb
(b)(a)
FIG. 3. For the Pþ
B0p
→ J/ψKþπ−p decay search (mode I), the invariant mass of J/ψKþπ− combinations in the (a) region above
threshold and in the (b) signal region. The peak in the sideband region results from B0 decays.
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FIG. 4. (a) Outputs of the BDT classifier for the J/ψKþπ−p final state. The circles (blue) show the signal training sample, and the
triangles (red) show the background training sample, while the shaded (blue) histogram shows the signal test sample, and the diagonal
(red) line-shaded histogram the background test sample. (b) Efficiencies of signal, solid (blue) curve, and background, dotted (red)
curve, and the value of the S/ð ffiffiffiBp þ 1.5Þ, dashed (green) curve, called “significance,” as a function of the BDT output.
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R ¼ σðpp→ PBXÞ · BðPB → J/ψXÞ
σðpp → Λ0bXÞ · BðΛ0b → J/ψK−pÞ
; ð1Þ
where we use the Λ0b → J/ψK−p channel for normaliza-
tion. The product of the production cross section and
branching fraction of this channel has been measured by
the LHCb Collaboration [18] to be
σðΛ0b;
ffiffi
s
p ¼ 7 TeVÞ · BðΛ0b → J/ψK−pÞ
¼ 6.12 0.10 0.25 nb;
σðΛ0b;
ffiffi
s
p ¼ 8 TeVÞ · BðΛ0b → J/ψK−pÞ
¼ 7.51 0.08 0.31 nb; ð2Þ
where the uncertainties are statistical and systematic,
respectively. The systematic uncertainties include those
on the luminosity and detection efficiencies that partially
cancel, lowering the effective systematic uncertainty on the
normalization. These measurements are averaged, taking
into account the different luminosities at the two energies,
to produce the overall normalization factor of NF ¼
7.03 0.06 0.17 nb.
Simulations have been generated at four different PB
masses for each decay mode. The total selection effi-
ciency varies from 0.45% to 1.4% depending on mass and
decay mode. The mass dependence of the efficiencies is
parametrized by a second-order polynomial, for each
decay mode, and incorporated into the upper limit
calculation. The dominant source of uncertainty on the
efficiency is systematic, and arises from the calibration
applied to the particle identification as calculated by the
simulation. This absolute efficiency uncertainty varies
from 0.02% to 0.17% depending on the decay mode. The
statistical uncertainties on the efficiency are negligible.
Note that we are taking the PB lifetime as 1.5 ps, and all
simulated efficiencies assume that the PB decays are
given by phase space.
For modes I, II, and III, the upper limits on S are
normalized to obtain the upper limits on R according to
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FIG. 5. Reconstructed mass distributions after the BDT selection for the (a) J/ψKþπ−p, (b) J/ψK−π−p, (c) J/ψK−πþp, and
(d) J/ψϕp final states.
TABLE II. Decay modes that are vetoed for each pentaquark candidate mode and the specific particle
misidentification that causes the reflection.
Search mode Reflection Particle misidentification
Pþ
B0p
→ J/ψKþπ−p Bþ → J/ψKþπ−πþ πþ to p
Bþ → J/ψπþπ−Kþ πþ to Kþ and Kþ to p
P−Λ0bπ−
→ J/ψK−π−p B− → J/ψK−π−πþ πþ to p
B− → J/ψðϕ → K−KþÞπ− Kþ to p
PþΛ0bπþ
→ J/ψK−πþp Bþ → J/ψðϕ → K−KþÞπþ Kþ to p
Pþ
B0sp
→ J/ψϕp Bþ → J/ψϕKþ Kþ to p
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ULðRÞ ¼ ULðSÞ
L · BðJ/ψ → μþμ−Þ · NF ; ð3Þ
where ULðSÞ is the efficiency corrected upper limit on S in
each particular mass bin, L is the integrated luminosity
and BðJ/ψ → μþμ−Þ is the branching fraction for the
J/ψ → μþμ− decay. For mode IV, an additional factor of
Bðϕ → KþK−Þ, which is the branching fraction for the
ϕ → KþK− decay, is included in the denominator
of Eq. (3).
The systematic uncertainty on ULðRÞ arises from the
differences in analysis requirements between the search
mode and the normalization mode (2%), which is esti-
mated based on the differences the selection requirements
could make in the relative efficiencies. The detection of
an additional track (1%), given by the uncertainty in the
data-driven tracking efficiency corrections, and the iden-
tification of this track (1%), given by the uncertainties in
the particle identification calibration procedure, leads to
an overall systematic uncertainty of 2.4%. For mode IV,
the small uncertainty on Bðϕ → KþK−Þ is also taken into
account. These uncertainties are added in quadrature with
the uncertainty on NF. The upper limits on R are then
increased linearly by this small systematic uncertainty.
The results for ULðRÞ at 90% confidence level (C.L.) are
shown in Fig. 6. Low invariant mass cutoffs in each
mode are imposed when the efficiency uncertainty
becomes large.
VI. CONCLUSIONS
We have searched for pentaquark states containing a b
quark that decay weakly via the b→ cc¯s transition in the
final states J/ψKþπ−p, J/ψK−π−p, J/ψK−πþp, and
J/ψϕp. Such states have been speculated to exist [3–6].
No evidence for these decays is found. Upper limits at
90% confidence level on the ratio of the production cross
sections of these states times the branching fractions into
the search modes, with respect to the production and decay
of the Λ0b baryon in the mode J/ψK−p (R, see Eq. (1) are
found to be about 10−3, depending on the final state and the
hypothesized mass of the pentaquark state.
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